ABSTRACT
hydrocarbons (PAHs) were used as performance reference compounds (PRCs). Samplers 22 were calibrated (7-days) using effluent at a treatment plant, with uptake of cVMS and losses 23 of the PRCs measured at 12 time-points. Concentrations of D4 (53 ng L -1 ) and D5 (1,838 ng 24 L -1 ) were stable in the effluent. Uptake of D4 and loss of 13 C-D4 were isotropic and 25 equilibrium was approached by 7-days. Two estimates of sampler uptake rate (R s ) were 2.1 L 26 day -1 and 2.5 L day -1 . The estimated log LDPE/water partition coefficient was 4.4. The 27 uptake of D5 was slower (R s = 0.32 L day -1 ) and equilibrium was not reached. Offloading of 28 13 C-D5, MT and TK were slow, and isotropic behaviour was not demonstrated for D5. 29
Offloading of PAHs followed the predicted pattern for LDPE. Uptake of cVMS appeared to 30 be under membrane control, due to low diffusion coefficients in LDPE. Samplers can monitor 31 time-weighted average concentrations of D4 for less than a week, and D5 for longer periods. 32
Introduction 38
Cyclic volatile methyl siloxanes (cVMS) are used in personal care products and can 39 persist and bioaccumulate. Two cVMS, octamethylcyclotetrasiloxane (D4) and 40 decamethylcyclopentasiloxane (D5) (Fig. S1 ) are of environmental concern (Brooke et al., 41 2009a; . They are emerging contaminants and monitoring is needed for risk 42 assessments and to validate fate models. D4 and D5 are both hydrophobic and volatile (Table  43 S1) . Reported partition coefficients vary: D4 log K ow = 4.45-7.0 44 and D5 log K ow = 4.76-8.03 (Brooke et to our knowledge have not been used to measure these chemicals in water. We used LDPE as 81 a sampler as it is low-cost, easy to handle and easy to remove cVMS residues (unlike silicone 82 rubber which may generate cVMS). We describe an in-field calibration for D4 and D5 and 83 assessed 13 C-labelled analogues and methyltris(trimethylsiloxy)silane (MT), 84 tetrakis(trimethylsiloxy)silane (TK) (Fig. S1 ) as PRCs. Deuterated PAHs (d-PAHs) were also 85 used as PRCs to provide a comparison with the offloading rates of cVMS that have similar 86 log K ow values, but differ in other properties (Table S1 ). This method was chosen, as flow-87 through laboratory calibration tanks proved problematic in maintaining constant 88 concentrations of cVMS. 89 samples were found at this site, and hence it was deemed suitable for the calibration study. 124
Methods
Samplers were deployed (6-13 th March, 2012) in the effluent channel (~ 4 m depth of water) 125 (Fig. S2) . Average water flow = 1,140 ± 12 (s.e. of mean) L s -1 (n = 769) and average 126 turbidity = 20.1 (formazin units). Membranes were supported on a pre-washed (as for 127 glassware)) stainless mesh plate (49.5 × 11.5 cm; Fig. S3 ). Six plates were linked to make 128 the rig. Two rigs (due to depth restrictions) were used; located next to each other in the 129 channel. Membranes were removed from jars, quickly wiped and (to reduce losses of PRCs 130 by volatilisation and/or absorption of cVMS from air) fixed to the mesh with metal clips. The 131 whole operation took less than 5 min for rig. Each plate held eight ( then others consecutively ensuring only samplers being removed were exposed to the 141 atmosphere. Samplers were rinsed twice with water, dried with a paper tissue, and transferred 142 immediately to vials containing n-hexane (6 mL), submerged totally in solvent and kept at 143 Turbulence was high so there was minimal biofouling of the samplers (Fig. S5) (Table S3) Sets of samplers (unspiked, spiked 13 C-D4/ 13 C-D5, spiked MT/TK) were analysed for 216 uptake of D4. Uptake was exponential and scatter between the independent sets of 217 membranes was similar to that between the replicate membranes (Fig. 1 ). Data were fitted 218 using an exponential model (GenStat 15). There was a significant regression (p < 0.001) and 219 99% of the variation in siloxane concentration was accounted for. k e was 0.576 day -1 , M eq was 220 356 ng and t (0.5) was 1.6 days. From equation 3, using M eq , V s and C w , the K sw = 2. The offloading rate constant (k e ) was 0.432 day -1 , and the lower asymptote was not 247 significantly different (t-test, p = 0.58) from zero. R s can be calculated (equation 7) from the 248 independent offloading data and K sw , providing kinetics were isotropic. The kinetics of 249 uptake and offloading were found to be isotropic with a cross over point close to 50%, 250 justifying use of 13 C-D4 as PRC (Fig. S7) Average concentration of D5 in water was 1,840 ± 180 (s.e. of mean) ng L -1 . Uptake 256 data for the three sets of samplers were analysed (Fig. 2) . Uptake was linear over the 257 deployment and equilibrium was not approached. It was not possible to estimate the 258 equilibrium concentration because of insufficient curvature, and it was therefore not possible 259 to estimate K sw . 260 As these compounds appeared unexpectedly in the effluent, it was difficult to use them as 281 reliable PRCs, which should be absent from the medium. MT (average 50 ng L -1 ) remained 282 reasonably constant (Table 1) . Two sets of membranes (unspiked, spiked 13 C-D4/ 13 C-D5) 283 were used to measure the uptake of MT (Fig. S8) PAHs was used to link with data from other workers to set the cVMS results in context. 302
Offloading rate constants were estimated by non-linear regression with the lower asymptote 303 constrained to zero (Figures S9-S13 ). For less hydrophobic PAHs offloading rates were rapid, 304 but that of benz(a)anthracene-d 12 was slower. Calculated (equation 7) sampling rates (Table  305 2) are based on the measured offloading rate constants and V s = 2.28 x 10 -4 L. 306
Sampling rates (Table 2) Log K ow when used to estimate log K sw has a large impact on the calculated value of 328 R s . In our study, if a published estimate (Table S1 ) of log K ow for D4 was used to calculate 329 log K sw , and used with our measured offloading rate (k e ), then R s = 15.5 L day -1 ; roughly a 330 factor of six different from the measured values (2.1 and 2.6 L day -1 ). This further underlines 331 the unreliability of using log K ow as a predictor of log K sw for the cVMS. 332
For PAHs, PCBs and chlorobenzenes the relationship between log K ow and R s is not 333 linear, and temperature dependent (Booij et al., 2003) . For a change in log K ow between 3.5-334 5.0, R s increases steeply, above this hydrophobicity has a less marked effect on sampling rate 335 (Booij et al, 2003) . In offloading experiments retention was high and changed very little with 336 increasing hydrophobicity above log K ow = 5.5 (Booij and Smedes, 2010). Very hydrophobic 337 d-PAH PRCs would be expected to be retained on the LDPE over our deployment. The log 338 K sw of D4 falls between those of phenanthrene and pyrene ( for D4 are both much lower than those of these equivalent PAHs. These differences are 341 consistent with a low diffusion coefficient of D4 in LDPE. 342 would be long and use of PRCs difficult. Further work is needed to explore applications of 400 these samplers in monitoring these problematic compounds, and to provide more reliable 401 estimates of key physico-chemical properties. However, the ability to measure cVMS at pg L Glassware was cleaned in detergent, rinsed three times with water, dried, rinsed again in 589 either acetone or methanol, dried and stored in a clean air cabinet. 590
Preparation of standard solutions 591
To reduce contamination of the analytical laboratory, preparation was conducted in 592 another room using a clean air cabinet (Bigneat Ltd., Waterlooville, UK). Standards, spiked 593 water samples and spiked passive samplers were returned to the analytical laboratory and 594 kept in a similar enclosure (Sparham et al., 2008) . Standards (analysis of water) were 595 prepared by spiking water with standard solutions in acetone. The calibration curve range was 596 Table S2 . 607
608

Analysis of cVMS and deuterated PAH in extracts from LDPE membranes
609
Each exposed sampler was immediately placed in a glass vial (20 mL) containing n-610 hexane (6 mL); this represented an extraction ratio of 4% (v/v). The membrane was totally 611 submerged in the solvent. cVMS were extracted (24 h) using agitation. This extracted > 90% 612 of the cVMS. An aliquot (100 µL) was added to crimped GC vial (2 mL) containing n-hexane 613 (900 µL). For concentrations outside the calibration range, the extract was further diluted 614 with n-hexane. Extracts were analysed using GC/MS (Agilent 6890N/5973) using ions in 615 Table S2 For D4 there was a statistically significant (p = 0.017) effect of time, but only the 673 concentration at 6 h was statistically different from the rest, and there were no significant 674 differences between any of the other concentrations (post hoc Tukey's test, 5% level of 675 probability). For D5 there was also a significant (p = 0.015) effect of time, but this was due to 676 only a significant difference between the concentration at 6 h and those 46 and 117 h. None 677 of the other concentrations were statistically significantly different from each other (post hoc 678 Tukey's test, 5% level of probability). For MT there was a statistically significant (p < 0.001) 679 effect of time, and most of the differences were between the concentrations in the three 680 samples taken between 2 and 5 h (post hoc Tukey's test, 5% level of probability). There were 681 no significant (p = 0.248) differences between the concentrations of TK at any of the 682 sampling times. The period in which significant differences were found represented only a 683 very small proportion of the total exposure time, and in subsequent calculations of sampling 684 rates (R s ), the concentrations of the analytes in water were assumed to be approximately 685 constant, and the mean values (C w ) over time were used. There was a weak relationship 686 between the concentrations of D4 and D5 in the effluent, where D4 was present at some 3% 687 of the concentration of D5. A linear regression of D4 on D5 was significant (P = 0.003), but 688 there was a large scatter of the data (r 2 (adjusted) = 42% 831  832  833  834  835  836  837  838  839  840  841  842  843  844  845  846  847 848  849  850  851  852 Fig. S15 , n/a = not available. (Table S3 ). These substances have less flexibility and hence will diffuse more 938
slowly. This will reduce uptake rate and hence R s (Rusina, Smedes and Klanova, 2010) . 939 940
